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(57) ABSTRACT 
A camshaft phasor control system for an engine includes a 
first camshaft position sensor that generates a first camshaft 
position signal based on a position of a first camshaft. A first 
Summer generates a first error signal based on the first cam 
shaft position signal and a first commanded position signal. A 
control module generates a raw duty cycle based on the first 
error signal. A second Summer generates a modified duty 
cycle based on the raw duty cycle and a modifier. The control 
module generates the modifier based on the first error signal 
and speed of the first camshaft relative to a second camshaft. 

20 Claims, 5 Drawing Sheets 
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1. 

CAMSHAFT PHASOR SYNCHRONIZATION 
SYSTEM FOR AN ENGINE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 61/033,572, filed on Mar. 4, 2008. The dis 
closure of the above application is incorporated herein by 
reference in its entirety. 

FIELD 

The present invention relates to engine control systems, 
and more particularly to camshaft position and speed control 
systems. 

BACKGROUND 

The background description provided herein is for the pur 
pose of generally presenting the context of the disclosure. 
Work of the presently named inventors, to the extent it is 
described in this background section, as well as aspects of the 
description that may not otherwise qualify as prior art at the 
time offiling, are neither expressly nor impliedly admitted as 
prior art against the present disclosure. 
A camshaft actuates valves of an internal combustion 

engine. In a dual overhead camshaft configuration, the engine 
includes an exhaust camshaft and an intake camshaft for each 
bank of cylinders. Rotation of the camshafts actuates intake 
and exhaust valves of the engine. Position and timing between 
a crankshaft and the camshafts are adjusted for proper syn 
chronization of intake and exhaust valve events to cylinder 
piston positioning. 
An engine control system may include one or more cam 

shaft phasing devices (camshaft phasors). A camshaft phasor 
may be used to create a variable rotational offset between the 
exhaust camshaft and the intake camshaft and/or the crank 
shaft. The offset alters opening and closing times between 
intake and exhaust valves. 

Engines configured with multiple camshaft phasors can 
exhibit regions of operation with reduced performance or 
driveability or increased emissions due to a mismatch 
between the phasors. This mismatch in phasor performance 
may refer to a difference in relative velocities between the 
phasors. The mismatch can contribute to conditions of exces 
sive overlap and high dilution or reduced overlap and low 
dilution during periods of transition. Overlap refers to when 
both intake and exhaust values are in an open state during the 
same time period. Dilution refers to the capturing of diluent 
gas (exhaust gas) in a cylinder. The mismatched performance 
may be due to different loading on each of the camshafts. 

For example, depending upon whether a phasor is moving 
in a retarding or advancing direction, the response rate of the 
phasor may be different due to engine loading on the phasor. 
As another example, when a torque balance is used on a 
phasor, Such as a return spring, the rate that the phasor 
responds may be different than a phasor without a torque 
balance. As a further example, when a device is driven off of 
one camshaft, Such as a fuel pump driven off of an exhaust 
camshaft, the camshaft responds differently than another 
camshaft without such loading. As yet another example, the 
fluid pressure between phasors and/or the Supply Voltage to 
phasors may be different. This also results in variability in 
performance of phasors. 
A camshaft phasor based control system typically includes 

a control valve and a phasor. The control valve is used to 
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2 
adjust passage of hydraulic fluid to the phasor based on a 
commanded position signal. The flow of hydraulic fluid con 
trols movement of a vane or valve shuttle within the phasor 
and thus relative positioning between camshafts and/or a 
crankshaft. Once the valve shuttle is in a commanded (de 
sired) position, fluid flow to and from the control valve is 
stopped, thereby locking the actuator of the camshaft phasor 
in a fixed position. This position is referred to as a control hold 
position. 
The positioning of the valve shuttle is achieved by varying 

the energy Supplied to a solenoid which moves the valve 
shuttle via a control hold duty cycle (CHDC) signal. Typi 
cally, the CHDC signal is based on a regression model that is 
developed during manufacturing of a vehicle. The regression 
model is developed over time via vehicle testing and post 
processing of test data. Once developed, the regression model 
is stored in a camshaft phasor control system of a vehicle and 
is unchanged. Due to component wear, accuracy of the regres 
sion model decreases over time. 

SUMMARY 

A camshaft phasor control system for an engine is provided 
and includes a first camshaft position sensor that generates a 
first camshaft position signal based on a position of a first 
camshaft. A first Summer generates a first error signal based 
on the first camshaft position signal and a first commanded 
position signal. A control module generates a raw duty cycle 
based on the first error signal. A second Summer generates a 
modified duty cycle based on the raw duty cycle and a modi 
fier. The control module generates the modifier based on the 
first error signal and speed of the first camshaft relative to a 
second camshaft. 

In another feature, a camshaft phasor control system for an 
engine is provided and includes a first camshaft phasor posi 
tion sensor that generates a first phasor position signal based 
on a position of a first phasor. A first Summer generates a first 
error signal based on the first phasor position signal and a first 
commanded position signal. A control module generates a 
raw duty cycle based on the first error signal. A second Sum 
mergenerates a modified duty cycle based on the raw duty 
cycle and a modifier. The control module generates the modi 
fier based on the first error signal and speed of the first phasor 
relative to a second phasor. 

In another feature, the control module generates the modi 
fier based on a ratio of a first product and a second product and 
a raw duty cycle relative to a null duty cycle range. The first 
product is of the first error signal and speed of the second 
phasor. The second product is of a second error signal of the 
second phasor and speed of the first phasor. 

In still another feature, a method of operating a camshaft 
phasor control system for an engine is provided and includes 
generating a first camshaft position signal based on a position 
of a first camshaft. A first error signal is generated based on 
the first camshaft position signal and a first commanded posi 
tion signal. A second camshaft position signal is generated 
based on a position of a second camshaft. A second error 
signal is generated based on the second camshaft position 
signal and a second commanded position signal. A duty cycle 
is generated for the first camshaft based on the first error 
signal, the second error signal, and speed of the first camshaft 
relative to the second camshaft. 

Further areas of applicability will become apparent from 
the description provided herein. It should be understood that 
the description and specific examples are intended for pur 
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poses of illustration only and are not intended to limit the 
Scope of the present disclosure. 

DRAWINGS 

The drawings described herein are for illustration purposes 
only and are not intended to limit the scope of the present 
disclosure in any way. 

FIG. 1 is a functional block diagram of an engine control 
system that incorporates a camshaft phasor control system in 
accordance with an embodiment of the present disclosure; 

FIG. 2 is an exemplary table providing intake command 
phasor positions as a function of Velocity and load in accor 
dance with an embodiment of the present disclosure; 

FIG. 3 is an exemplary table providing exhaust command 
phasor positions as a function of Velocity and load in accor 
dance with an embodiment of the present disclosure; 

FIG. 4 is an exemplary phase control diagram illustrating 
camshaft phasor variability in accordance with an embodi 
ment of the present disclosure; 

FIG. 5 is a functional block diagram of a camshaft phasor 
control system in accordance with an embodiment of the 
present disclosure; 

FIG. 6 is a functional block diagram illustrating an exem 
plary camshaft phasor actuation system in accordance with an 
embodiment of the present disclosure; and 

FIG. 7 is a logic flow diagram illustrating a method of 
operating a camshaft phasor control system in accordance 
with an embodiment of the present disclosure. 

DETAILED DESCRIPTION 

The following description is merely exemplary in nature 
and is in no way intended to limit the disclosure, its applica 
tion, or uses. For purposes of clarity, the same reference 
numbers will be used in the drawings to identify similar 
elements. As used herein, the phrase at least one of A, B, and 
C should be construed to mean a logical (A or B or C), using 
a non-exclusive logical or. It should be understood that steps 
within a method may be executed in different order without 
altering the principles of the present disclosure. 
As used herein, the term module refers to an Application 

Specific Integrated Circuit (ASIC), an electronic circuit, a 
processor (shared, dedicated, or group) and memory that 
execute one or more Software or firmware programs, a com 
binational logic circuit, and/or other Suitable components that 
provide the described functionality. 

Referring now to FIG. 1, a functional block diagram of an 
engine control system 10 that incorporates a camshaft phasor 
control system 12 is shown. An engine control system 10 
includes an engine 14 that has one or more camshafts 16, 18. 
Position of the camshafts 16, 18 is controlled via the camshaft 
phasor control system 12. The camshaft phasor control sys 
tem 12 is tuned based on known camshaft phasor control 
circuit characteristics and closed loop system performance, 
which maybe obtained from engine performance improve 
ment information. The camshaft phasor control system 12 
adjusts the relative velocity of the camshafts 16, 18 to main 
tain uniform performance. 

The velocity to the camshafts 16, 18 relative to each other 
and to null duty cycle range may vary during engine operation 
and over time. An example of a null duty cycle range is shown 
in FIG. 4. This variance can occur due to different direction of 
motion of the camshafts 16, 18, mechanical loading on the 
camshafts 16, 18, fluid pressure and/or supply voltage of 
phasors of the camshafts 16, 18, component tolerance differ 
ences, component wear, etc. As an example oil pressure to 
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4 
different sides of a phasor may vary, as well as oil pressure to 
different phasors. As another example, variability may exist 
between electrical drivers of an electronic control module of 
the phasors. Variations may occur in hydraulically operated 
phasors and in electrically operated phasors. Depending upon 
the operating conditions, an engine may be aiding or abetting 
the direction of motion of a camshaft. This further affects the 
performance of a camshaft. Thus, the camshafts may be 
adjusted at different rates. 
The embodiments of the present disclosure minimize and/ 

or eliminate the difference in relative velocities between the 
camshafts to provide synchronized camshaft operation. 
Although the following embodiments are described primarily 
with respect to the Synchronization of an intake camshaft and 
an exhaust camshaft, the present application may apply to two 
intake camshafts or to two exhaust camshafts. 
The camshaft phasor control system 12 may have prede 

termined and stored control hold duty cycle (CHDC) values 
for different operating conditions or may learn the CHDC 
values overtime. The camshaft phasor control system 12 may 
adaptively determines a CHDC value during operation of the 
engine 14. The CHDC values are stored and may be used and 
updated during a current operating event of the vehicle and/or 
used during a future operating event. 

Camshaft phasor system characteristics may include gain, 
time constants, delay times, and other camshaft phasor char 
acteristics. The engine performance improvement informa 
tion may refer to camshaft and crankshaft position informa 
tion, Spark ignition, fuel injection, air flow, and other engine 
performance parameters. The camshaft phasor control sys 
tem 12 may be used to adjust and/or control timing, fuel 
injection, airflow, etc. 

In use, the engine control system 10 allows air to be drawn 
into an intake manifold 20 through a throttle 22. The throttle 
22 regulates mass air flow into the intake manifold 20. Air 
within the intake manifold 20 is distributed into cylinders 24. 
Although a single cylinder 24 is illustrated, it is appreciated 
that the camshaft phasor control system 12 may be imple 
mented in engines having any number of cylinders. 
An intake valve 26 selectively opens and closes to enable 

the air/fuel mixture to enter the cylinder 24. The intake valve 
position is regulated by an intake camshaft 16. A piston com 
presses the air/fuel mixture within the cylinder 24. A spark 
plug 28 initiates combustion of the air/fuel mixture, driving 
the piston in the cylinder 24. The piston drives a crankshaft to 
produce drive torque. Combustion exhaust within the cylin 
der 24 is forced out an exhaust port when an exhaust valve 30 
is in an open position. The exhaust valve position is regulated 
by an exhaust camshaft 18. The exhaust is treated in an 
exhaust system and is released to the atmosphere. Although 
single intake and exhaust valves 26, 30 are illustrated, it is 
appreciated that the engine 14 can include multiple intake and 
exhaust valves 26, 30 per cylinder 24. 
The engine system 10 further includes an intake camshaft 

phasor 32 and an exhaust camshaft phasor 34 that respec 
tively regulate the rotational timing and/or lift of the intake 
and exhaust camshafts 16, 18. More specifically, the timing of 
the intake and exhaust camshafts 16, 18 can be retarded or 
advanced with respect to each other or with respect to a 
location of the piston within the cylinder 24 or crankshaft 
position. The intake and exhaust camshaft phasors 32, 34 
regulate the intake and exhaust camshafts 16, 18 based on 
signal output from one or more camshaft position sensors 36. 
The camshaft position sensors 36 may be in the form of a 

camshaft phasor position sensor and measure position of an 
actuator. A camshaft position sensor may be included for each 
camshaft. The camshaft position sensors 36 can include, but 
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is not limited to, variable reluctance or Hall Effect sensors. In 
one embodiment, the camshaft position sensors 36 are encod 
ers that detect teeth on a rotating sprocket of the camshaft 
phasors 32, 34. The camshaft position sensors 36 transmit 
output signals that indicate rotational position of the intake or 
exhaust camshafts 16, 18. The transmission may occur when 
the camshaft position sensors 36 sense the passage of a spaced 
position marker (e.g. tooth, tab, and/or slot) on a disc or target 
wheel coupled to the intake or exhaust camshafts 16, 18. 
A main control module 40 operates the engine based on the 

camshaft phasor control system 12. The main control module 
40 may include a position control module, again scheduling 
module, and a gain calculation module. The main control 
module 40 generates control signals to regulate engine com 
ponents in response to engine operating conditions. The main 
control module 40 generates a throttle control signal based on 
a position of an acceleratorpedal and a throttleposition signal 
generated by a throttle position sensor (TPS) 42. A throttle 
actuator adjusts the throttle position based on the throttle 
control signal. The throttle actuator may include a motor or a 
stepper motor, which provides limited and/or coarse control 
of the throttle position. 
The main control module 40 also regulates a fuel injection 

system 43 and the camshaft phasors 32,34. The main control 
module 40 determines the positioning and timing (e.g. phase) 
between the intake or exhaust camshafts (intake or exhaust 
valves) 16, 18 and the crankshaft based on the output of the 
camshaft position sensors 36 and other sensors 47. For 
example, the positioning and timing may be adjusted based 
on a temperature signal from a hydraulic temperature sensor 
45 and/or a voltage of an energy source 49. The temperature 
sensor 45 may provide temperature of oil within the engine 14 
and/or in a camshaft phasor control circuit, such as that shown 
in FIG. 2. The other sensors may include the sensors men 
tioned below. 
An intake air temperature (IAT) sensor 44 is responsive to 

a temperature of the intake airflow and generates an intake air 
temperature signal. A mass airflow (MAF) sensor 46 is 
responsive to the mass of the intake air flow and generates a 
MAF signal. A manifold absolute pressure (MAP) sensor 48 
is responsive to the pressure within the intake manifold 20 and 
generates a MAP signal. An engine coolant temperature sen 
Sor 50 is responsive to a coolant temperature and generates an 
engine temperature signal. An engine speed sensor 52 is 
responsive to a rotational speed of the engine 14 and gener 
ates an engine speed signal. Each of the signals generated by 
the sensors is received by the main control module 40. 

The camshaft phasor control system 12 further includes a 
park state detector. The park state detector 60 detects when 
the engine is in a park State. The park State refers to when the 
engine is initially started. The park state detector 60 indicates 
that the camshafts 16, 18 are at initial startup positions, which 
may be default positions when at rest. For example, upon 
shutdown of the engine 14 the intake and exhaust camshafts 
16, 18 may be forced to known fixed predetermined positions. 
Also, upon startup of the engine, initial predetermined CHDC 
values may be used during camshaft phasor control. The 
predetermined CHDC values may be default values or values 
stored during a previous operating event. The park State 
detector 60 may include an engine sensor, a transmission 
sensor, an ignition sensor, etc. The park State detector 60 may 
be part of the control module 40. 

Referring now to FIG. 2, a first table providing intake 
command phasor positions loo-Iwa as a function of Velocity 
and load is shown. N and Mare integer values. The first table 
may be used to generate desired or commanded intake phasor 
position signals. The first table is for example only; other 
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6 
tables and/or techniques may be used. A sample curve 100 is 
overlaid on the first table and indicates a change in an engine 
operating condition that would result in a change in the com 
manded intake phasor position. APC is an example measure 
ment of load. Depending upon the APC and the velocity 
associated with the intake camshaft, a predetermined and/or 
stored commanded position value may be retrieved from the 
table to generate a commanded intake camshaft position sig 
nal. The APC values may provide the vertical coordinate in 
the first table and the velocity values may provide the hori 
Zontal coordinate in the first table. 

Referring now to FIG.3, a second table providing exhaust 
command phasor positions Eoo-Eras a function of velocity 
and load is shown. X and Y are integer values. The second 
table may be used to generate desired or commanded exhaust 
phasor position signals. The second table is for example only; 
other tables and/or techniques may be used. A sample curve 
102 is overlaid on the second table and indicates a change in 
an engine operating condition that would result in a change in 
the commanded exhaust phasor position. Depending upon the 
APC and the velocity associated with the crankshaft, a pre 
determined and/or stored commanded position value may be 
retrieved from the table to generate a commanded exhaust 
camshaft position signal. The APC values may provide the 
vertical coordinate in the second table and the velocity values 
may provide the horizontal coordinate in the second table. 

Referring now to FIG. 4, an exemplary phase control dia 
gram illustrating camshaft phasor variability is shown. The 
phase control diagram provides a plot of camshaft Velocities 
(phi dot-timing angle of camshaft) relative to commanded 
duty cycle values. The timing angle of the camshaft may be 
relative to a crankshaft position. Variance between camshaft 
Velocities is shown and increases with speed. A null duty 
cycle range which may be referred to as a control hold duty 
cycle (CHDC) and is shown to be about a 50% commanded 
duty cycle. The null duty cycle range may be approximately 
50%-5%. The lower and upper boundaries of the null duty 
cycle range are identified as B and C. A minimum duty cycle 
for a change in camshaft Velocity A and a maximum duty 
cycle for a change in camshaft Velocity D are identified. 
Variability between phasors is shown by arrows 120, 122. 
The phase control diagram may be divided along the 50% 

commanded duty cycle to generate two tables, one for retard 
ing and one for advancing camshaft positioning. Two tables 
may be associated with each camshaft. Each table may be 
used to compensate for forces exerted on or restricting move 
ment of the camshafts, such as the forces of an engine that aid 
(Support) or abet (oppose) direction of motion of the cam 
shafts. The direction of motion refers to the angular motion of 
the camshafts relative to each other and/or the positionadjust 
ment of the corresponding phasors. 

Referring now to FIG. 5, a functional block diagram of a 
camshaft phasor control system 150 is shown. The camshaft 
phasor control system 150 includes a first summer 152, a 
control module 154, a second summer 156, and a plant 158. 
The camshaft phasor control system 150 is shown as a closed 
loop system. The first summer 152 receives and compares 
commanded camshaft position signals to actual camshaft 
position signals. For example a commanded camshaft posi 
tion signal 160 is compared with an actual camshaft position 
signal 162 to generate an error signal 164. 
The generated error signals are provided to the control 

module 154. The control module 154 may be part of or 
replace the main control module 40 of FIG. 1. An example 
intake position error signale, is provided by equation 1 and an 
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example exhaust position error signale is provided by equa 
tion 2, where p is a commanded intake phasor position, (p. 
is an actual intake phasor position, (p. is a commanded 
exhaust phasor position, and p is an actual exhaust phasor 
position. 

er Pic-PLA (1) 

(2) et (PEC-PE4 

The control module 154 generates a raw duty cycle signal 
166 based on the error signals. The control module 154 may 
be a proportional, integral derivative (PID) controller and 
have stored tables relating the error signals to duty cycles. 

The control module 154 also generates a modifier signal 
168 based on a calculated camshaft ratio R. To calculate the 
camshaft ratio R, the control module 154 determines the 
velocities of the intake camshaft 

did 
(it 

and the exhaust camshaft 

dipe 
dt 

The intake and exhaust camshaft velocities 

did did E. 
dt dit 

may be determined using equations 3 and 4. The camshaft 
velocities 

did did E. 
dt dit 

may refer to the relative speed of camshafts, as well as relative 
speeds of phasors, as they are directly related. A camshaft 
position is directly related to the position of a phasor or the 
position of a vane of a phasor. As the position of a vane of a 
phasor moves, the position of the camshaft moves. 

dipi (pic - d. A (3) 
dt T. At 

died EC - EA (4) 
dt At 

The control module 154 also determines an intake target 
time t, and an exhaust target time t, based on the camshaft 
velocities 

did did E 
it it 
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8 
as provided by equations 5 and 6. 

= -l (5) 

(6) 

The intake target time t and the exhaust target time t repre 
sent the amount of time for the intake and exhaust camshafts 
to reach target positions. 
The camshaft ratio R is then calculated. The camshaft ratio 

R may be calculated using equation 7. 

eddie 
eEdd 

(7) it 
R = - - 

te 

The control module 154 generates the modifier signal 168 
based on the camshaft ratio R and based on whether the 
current position of a camshaft is above or below the null duty 
cycle range for that camshaft. The control module 154 may 
determine the modifier signal 168 based on predetermined 
values stored in a tabular form. Table 3 is provided as an 
example for the determination of a modifier, which is used to 
generate the modifier signal 168. 

TABLE 3 

Camshaft Ratio to Duty Cycle Modifier Conversion 

Commanded 
Camshaft Ratio (R) Duty Cycle Modifier 

R> 1 Adjust Exhaust DC > Null DC Range -((1-(1/R) (D-C) 
Camshaft Position DC < Null DC Range ((1-(1/R))(B-A) 
R< 1 Adjust Intake DC, > Null DC, Range -(1-R)(D-C) 
Camshaft Position DC, > Null DC, Range (1-R)(B-A) 

A-D identify the lower and upper boundaries of the null 
commanded duty cycle range, the minimum duty cycle for a 
change in camshaft Velocity, and the maximum duty cycle for 
a change in camshaft Velocity as shown in FIG. 4. As shown 
in table 3, the modifier may be different depending upon the 
camshaft ratio R and the commanded duty cycle. In one 
embodiment, when the camshaft ratio RO-1, the intake cam 
shaft is moving slower than the exhaust camshaft. The 
exhaust camshaftspeed is adjusted via the modifier. When the 
camshaft ratio Rs1, the exhaust camshaft is moving slower 
than the intake camshaft. The intake camshaft speed is 
adjusted via the modifier. When the camshaft ratio R=1, the 
intake and exhaust camshafts are moving at speeds, which 
make the intake target time and the exhaust target time equal 
and no adjustment is needed. The modifier may be set equal to 
O. 
The modifier signal 168 is summed with the duty cycle 

signal 166 by the second summer 156 to generate a modified 
duty cycle signal 170. The modified duty cycle signal 170 is 
provided to the plant 158. The plant 158 may refer to and/or 
include control valves, phasors, camshafts, etc. The modified 
duty cycle signal 170 may be provided to a control valve or a 
phasor to adjust position of one of the camshafts. In one 
embodiment, control reduces the speed of the faster moving 
camshaft, as shown by table 1. 

Referring now to FIG. 6, a functional block diagram illus 
trating an exemplary camshaft phasor actuation system 200 is 
shown. A single actuation system is shown for simplicity. An 
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actuation system may be included for each camshaft phasor. 
The actuation system 200 controls position of a phasor (hy 
draulic actuator) 202, which may include a piston (valve 
shuttle) 204, to provide for linear positioning thereof along a 
range of motion. The piston 204 may move bi-directionally. 
The piston 204 may move in a first direction when hydraulic 
fluid pressure from passage 206 is applied to a first side 208 of 
the piston 204. The piston 204 may move in a reverse direc 
tion of motion when fluid pressure from second passage 209 
is applied to a second side 210 of the piston 204. The piston 
204 moves, as influenced by hydraulic pressure applied 
thereto, along a sleeve attached to the phasor 202. The phasor 
202 varies angular relationship between an engine crankshaft 
212 and camshaft 214. For example, the piston 204 may be 
attached, via a paired block configuration or a helical spline 
configuration, to a toothed wheel. A chain 216 may be dis 
posed on the toothed wheel and linked to the crankshaft 212. 
The phasor 202 is mechanically linked to the camshaft 214. 
A control valve A 220 and a control valve B 222 are 

positioned to admit a varying quantity of hydraulic fluid 
through respective first and second passages 206, 209. The 
relative pressure applied to the sides determines the steady 
state position of the piston 204. Precise piston positioning 
along a continuum of positions within the sleeve of phasor 
202 is provided through precise control of the relative posi 
tion of control valves 220 and 222. The control valves 220, 
222 receive hydraulic fluid, such as conventional engine oil, 
from an oil supply system 224. The oil Supply system 224 
may include an oil pump, which draws hydraulic fluid from a 
reservoir and passes the fluid to an inlet side of each of the 
control valves 220, 222 at a regulated pressure. The control 
valves 220, 222 may be three-way valves that have linear and 
magnetic field-driven Solenoids. 
The control valves 220, 222 are positioned based on current 

provided to coils 230, 232 of solenoids. In a rest position, the 
control valves 220, 222 are positioned to vent out fluid away 
from the piston 204, such that position of the piston 204 is not 
influenced by fluid pressure. As the control valves 220, 222 
are actuated away from their rest positions, a portion of the 
vented fluid is directed to the corresponding sides and dis 
placement of the piston 204. 

Pulse width modulation (PWM) control is provided by 
current control of the coils 230, 232 via a PWM driver circuit 
234. The PWM driver circuit 234 converts the modified duty 
cycle 170 into a PWM signal 236. The coils 230, 232 are 
activated via transistors 238, 240. The PWM signal 236 is 
passed to the first transistor 238 in uninverted form, and is 
passed in inverted form, via an inverter 242, to the second 
transistor 240. The PWM signal 236 may be a variable duty 
cycle signal and be similar to a limited and converted version 
of the modified duty cycle signal 170. The PWM signal 236 is 
applied to the bases of the transistors 238,240. The inverting 
of the PWM signal 236 via inverter 242 provides activation of 
one transistor and deactivation of the transistor. 
The transistors 238,240 are connected between a low side 

244 of the respective coils 230, 232 and a ground reference 
246. A high side 248 of the coils 230, 232 is electrically 
connected to a supply voltage V+. The control valves 220, 222 
are held, for a given duty cycle, in a fixed position correspond 
ing to the average current in the coils 230, 232. 
The position of the piston 204 is detected by the camshaft 

position sensor 36, and may be positioned in proximity to 
piston 204 to sense piston displacement. The position sensor 
36 may generate the camshaft position signal 162, which is 
fed back to the main control module 154. The control module 
154, through execution of periodic control operations, may 
generate the command duty cycle 166. 
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Referring now to FIG. 7, a logic flow diagram illustrating a 

method of operating a camshaft phasor control system is 
shown. Although the following steps are primarily described 
with respect to the embodiments of FIGS. 3, 5 and 7, they may 
be easily modified to apply to other embodiments of the 
present invention. Also, the below steps are described with 
respect to two camshafts and control thereof, the steps may be 
applied to any number of camshafts. The steps may be applied 
to intake camshafts, exhaust camshafts, or a combination 
thereof. Also, the control described below may be performed 
by a control module, such as by one of the control modules 40 
and 154, of a camshaft phasor control system. The method 
may begin at 300. 

In step 302, when a commanded camshaft position (phasor 
position) has changed, the control proceeds to step 304, oth 
erwise control proceeds to step 316 and ends. In step 304, 
control calculates phasor position errors, such as the intake 
and exhaust position errors e. e. In step 306, control calcu 
lates current phasing rates, such as intake camshaft Velocity 

did 
(it 

and the exhaust camshaft Velocity 

dipe 
dt 

In step 308, when the intake position errore, is greater than 
a first threshold, control proceeds to step 310, otherwise con 
trol proceeds to step 316. In step 310, when the exhaust 
position error e, is greater than a second threshold, control 
proceeds to step 312, otherwise control proceeds to step 316. 

In step 312, control calculates a camshaft ratio R'. Control 
may determine an intake target time and an exhaust target 
time. Such as the target times t t as provided in equations 5 
and 6. Control may determine the camshaft ratio R' based on 
the target times t t and the phasing rates. An example is 
provided by equation 7. 

In step 314, when the camshaft ratio R' is approximately 
equal to lit a tolerance factor, control proceeds to step 316, 
otherwise control proceeds to step 318. In step 318, when the 
camshaft ratio R' is greater than one (1) control proceeds to 
step 320, otherwise control proceeds to step 326. 

In step 320, when the commanded duty cycle is greater 
than the second control hold duty cycle range for a second 
camshaft, control proceeds to step 322, otherwise control 
proceeds to step 324. In step 322, a modifier is generated 
based on the camshaft ratio R', an upper boundary of the 
second null duty cycle range C", and a maximum duty cycle 
for a change in camshaft Velocity of the second camshaft D'. 
The modifier may be set equal to -((1-(1/R'))(D'-C). 

In step 324, a modifier is generated based on the camshaft 
ratio R', a lower boundary of the second null duty cycle range 
A', and a minimum duty cycle for a change in camshaft 
velocity of the second camshaft C". The modifier may be set 
equal to (1-(1/R))(B'-A). 

In step 326, when the commanded duty cycle DC is greater 
than the first control hold duty cycle range for a first camshaft, 
control proceeds to step 328, otherwise control proceeds to 
step 30. In step 328, a modifier is generated based on the 
camshaft ratio R', an upper boundary of a first null duty cycle 
range C", and a maximum duty cycle for a change in camshaft 
velocity of the first camshaft D". The modifier may be set 
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equal to -(1-R)(D"-C"). The values D'and C may be equal 
to the values D" and C", respectively. 

In step 330, a modifier is generated based on the camshaft 
ratio R', a lower boundary of the first null duty cycle range B", 
and a minimum duty cycle for a change in camshaft Velocity 
of the first camshaft A". The modifier may be set equal to 
(1-R)(B"-A"). The values B" and A may be equal to the 
values B" and A", respectively. 
The above-described steps may include additional enable 

ment conditions for enabling the operation of steps 300-330. 
The above-described steps may be continuously repeated. 
The above-described steps are meant to be illustrative 
examples; the steps may be performed sequentially, synchro 
nously, simultaneously, during overlapping time periods or in 
a different order depending upon the application. 
The embodiments allow a system to more quickly arrive at 

a desired operating condition. Put another way, a system may 
obtain desired camshaft positions quicker. This allows for 
fuel savings. For example, a certain amount of diluent may be 
trapped in the cylinders of an engine to provide a particular 
level of emissions and fuel economy. When too much diluent 
is trapped, performance may be degraded, whereas when not 
enough diluent is trapped, emissions and fuel economy may 
be degraded. When camshafts are moving at different veloci 
ties it is difficult for a system to predict camshaft positioning. 
The present invention allows for quick synchronization of 
camshafts to allow for accurate camshaft positioning predic 
tion. This allows a system to quickly reach a dilution limit, 
which refers to when a peak amount of diluent is captured in 
a cylinder without preventing combustion. The embodiments 
thus provide an appropriate amount of overlap. 

In the embodiment of the present application, as the oper 
ating conditions change, the tables provide different upper 
and lower boundaries, limits, thresholds and modifiers to 
adjust phasor positioning. This provides predictable camshaft 
performance and combustion stability. Predictable camshaft 
phasor positioning allows for proper spark timing, fuel injec 
tion timing, etc. 

The embodiments disclosed herein provide adaptive cam 
shaft phasor control systems that account for changes in 
engine State parameters and adjust for changes in engine 
components, such as due to wear overtime. The embodiments 
are also insensitive to build variations. 
The systems and circuits have reduced sensitivity to volt 

age, temperature and component build variations. In addition, 
the systems and methods enable less stringent design require 
ments on phasors. 

Those skilled in the art can now appreciate from the fore 
going description that the broad teachings of the present 
disclosure can be implemented in a variety of forms. There 
fore, while this disclosure has been described in connection 
with particular examples thereof, the true scope of the disclo 
sure should not be so limited since other modifications will 
become apparent to the skilled practitioner upon a study of the 
drawings, the specification and the following claims. 
What is claimed is: 
1. A camshaft phasor control system for an engine com 

prising: 
a first camshaft position sensor generating a first camshaft 

position signal based on a position of a first camshaft; 
a first Summer that generates a first error signal based on 

said first camshaft position signal and a first commanded 
position signal; 

a control module that generates a raw duty cycle based on 
said first error signal; and 

a second Summer that generates a modified duty cycle 
based on said raw duty cycle and a modifier, 
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12 
wherein said control module generates said modifier based 

on said first error signal and speed of said first camshaft 
relative to a second camshaft. 

2. The camshaft phasor control system of claim 1 further 
comprising: 

a second camshaft position sensor generating a second 
camshaft position signal based on a position of a second 
camshaft; and 

a third Summer that generates a second error signal based 
on said second camshaft position signal and a second 
commanded position signal, 

wherein said control module determines speed of said sec 
ond camshaft based on said second error signal. 

3. The camshaft phasor control system of claim 2 wherein 
said control module generates said modifier based on said 
first error signal, said second error signal, speeds of said first 
camshaft and said second camshaft, and a duty cycle thresh 
old. 

4. The camshaft phasor control system of claim 2 wherein 
said control module determines a camshaft ratio based on said 
first error signal, said second error signal and speeds of said 
first camshaft and said second camshaft, and 

wherein said control module generates said modifier based 
on said camshaft ratio. 

5. The camshaft phasor control system of claim 4 wherein 
said control module determines said camshaft ratio by mul 
tiplying said first error signal by speed of said second cam 
shaft to generate a first time, by multiplying said second error 
signal by speed of said first camshaft to generate a second 
time, and by dividing said first time by said second time. 

6. The camshaft phasor control system of claim 4 wherein 
said control module reduces speed of said second camshaft 
when said camshaft ratio is greater than 1. 

7. The camshaft phasor control system of claim 4 wherein 
said control module reduces speed of said first camshaft when 
said camshaft ratio is less than 1. 

8. The camshaft phasor control system of claim 4 wherein 
said control module maintains speed of said first camshaft 
and speed of said second camshaft when said camshaft ratio 
is equal to 1. 

9. The camshaft phasor control system of claim 1 wherein 
said control module determines that the speed of said first 
camshaft is greater than the speed of said second camshaft, 
and 

wherein said control module reduces speed of said first 
camshaft. 

10. The camshaft phasor control system of claim 1 wherein 
said control module generates said modifier based on a null 
duty cycle range. 

11. The camshaft phasor control system of claim 1 wherein 
said control module generates said modifier based on at least 
one of a minimum duty cycle for a change in camshaft speed 
and a maximum duty cycle for a change in camshaft speed. 

12. A camshaft phasor control system for an engine com 
prising: 

a first camshaft phasor position sensor generating a first 
phasor position signal based on a position of a first 
phasor, 

a first Summer that generates a first error signal based on 
said first phasor position signal and a first commanded 
position signal; 

a control module that generates a raw duty cycle based on 
said first error signal; and 

a second Summer that generates a modified duty cycle 
based on said raw duty cycle and a modifier, 
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wherein said control module generates said modifier based 
on said first error signal and speed of said first phasor 
relative to a second phasor. 

13. The camshaft phasor control system of claim 12 further 
comprising: 

a second camshaft phasor position sensor generating a 
second phasor position signal based on a position of a 
second phasor, and 

a third Summer that generates a second error signal based 
on said second phasor position signal and a second com 
manded position signal, 

wherein said control module determines speed of said sec 
ond phasor based on said second error signal, and 

wherein said control module adjusts speed of said first 
phasor based on said speed of said second phasor. 

14. The camshaft phasor control system of claim 13 
wherein said control module determines a camshaft ratio 
based on said first error signal, said second error signal and 
speeds of said first phasor and said second phasor, and 

wherein said control module generates said modifier based 
on said camshaft ratio. 

15. The camshaft phasor control system of claim 12 
wherein said control module determines that the speed of said 
first phasor is greater than the speed of said second phasor, 
and 

wherein said control module reduces speed of said first 
phasor. 

16. The camshaft phasor control system of claim 12 
wherein said control module generates said modifier based on 
a null duty cycle range. 

17. The camshaft phasor control system of claim 12 
wherein said control module generates said modifier based on 
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at least one of a minimum duty cycle for a change in camshaft 
speed and a maximum duty cycle for a change in camshaft 
speed. 

18. A method of operating a camshaft phasor control sys 
tem for an engine comprising: 

generating a first camshaft position signal based on a posi 
tion of a first camshaft; 

generating a first error signal based on said first camshaft 
position signal and a first commanded position signal; 

generating a second camshaft position signal based on a 
position of a second camshaft; 

generating a second error signal based on said second 
camshaft position signal and a second commanded posi 
tion signal; and 

generating a duty cycle for said first camshaft based on said 
first error signal, said second error signal, and speed of 
said first camshaft relative to said second camshaft. 

19. The method of claim 18 further comprising: 
generating a raw duty cycle based on said first error signal; 
generating a modified duty cycle based on said raw duty 

cycle and a modifier; and 
generating said modifier based on said first error signal and 

speed of said first camshaft relative to said second cam 
shaft. 

20. The method of claim 18 further comprising: 
determining a camshaft ratio based on said first error Sig 

nal, said second error signal and speeds of said first 
camshaft and said second camshaft; 

generating a modifier based on said camshaft ratio; and 
adjusting speed of said first camshaft based on said cam 

shaft ratio. 


